Endogenous RNAi (endoRNAi) identifies a variety of small RNA-mediated phenomena triggered from endogenous loci, which direct diverse biochemical activities and impinge on gene expression and genome organization. The complete portfolio of the endoRNAi phenomena is still expanding as small RNA libraries are sequenced using more sensitive methods and mechanistic studies are carried out in new species across phylogeny. Here, we elected to present an overview of the small RNAs, molecular machinery, mechanisms, and functions of the best-characterized endoRNAi phenomena from organisms in which this diversity first emerged and in which their distinctive functions were identified. RNA-dependent RNA polymerases (RdRPs) are central for endoRNAi mechanisms in a broad variety of species. RdRPs play at least two distinct roles in endoRNAi: they generate dsRNA triggers to initiate the mechanisms, and they amplify small RNAs to potentiate and perpetuate endoRNAi.
Both functions are reflected in endoRNAi pathways initiated by the RRF-3 RdRP in C. elegans. RRF-3, along with cofactors, is thought to generate double-stranded (ds)RNA triggers from target transcripts to initiate endoRNAi. Such triggers are processed by DCR-1 to generate mature, primary 26G-siRNAs, which are then loaded into the ERGO-1 Argonaute protein in the early embryo (or ALG-3/4 in the male germline). Upon association with target RNAs, this RISC recruits a second RdRP, RRF-1. RRF-1 then directs the production of abundant secondary siRNAs, characterized by their 22 nucleotide (nt) length, a 5′-triphosphate moiety, and a bias for a guanine as the 5′-most nucleotide. RRF-1 generates secondary siRNAs without the involvement of DCR-1. Secondary siRNAs are loaded into the WAGO subgroup of Argonautes that do not possess the canonical residues required for slicer activity. It is thought that WAGO Argonautes regulate the expression of their targets at both transcriptional and posttranscriptional levels. Nuclear effector RNAi complexes are assembled with a subset of the WAGOs that direct transcriptional silencing and chromatin remodeling. Strikingly, this epigenetic silencing can be maintained through multiple animal generations.
Multiple, distinct functional classes of endogenous siRNAs in C. elegans share some of the genetic requirements and structural features of secondary siRNAs. EGO-1 RdRP plays a major role in the biogenesis of most germline-expressed 22-nt-long endogenous siRNAs, a significant fraction of which is loaded in the CSR-1 Argonaute. CSR-1-loaded endogenous siRNAs direct a diversity of functions, including a form of genome surveillance, gene-specific repression, as well as assembly and/or maintenance of chromosomes. Furthermore, CSR-1 was recently implicated in preventing inheritable epigenetic silencing triggered by the piRNA-like 21U RNAs. What determines the relative contribution of CSR-1 in silencing and preventing silencing is unknown.
Powerful genetics in Arabidopsis thaliana has largely contributed to uncover the diversity of endoRNAi mechanisms and functional small RNA classes in plants. This includes but is not limited to natural antisense transcript-derived siRNA (nat-siRNAs), cis-acting siRNAs (casiRNAs), and trans-acting siRNAs (tasiRNAs). Nat-siRNAs are produced in response to certain stimuli and are also amplified in an RdRP-dependent process. In one example, stress induces the expression of a transcript complementary to a constitutively expressed mRNA, thus enabling the generation of a dsRNA trigger by an RdRP and specific cofactors. Dicer-like-2 enzyme (DCL-2) cleaves the dsRNA substrate to produce 24-nt-long primary siRNAs. Such small RNAs direct the cleavage of target transcripts, which in turn leads to the production of dsRNA and 21 nt secondary siRNAs by RdR6 and DCL-1.
The biogenesis of casiRNAs is initiated at specific endogenous loci by the production of dsRNA through the RDR2 RdRP. Trigger dsRNA is then cleaved by DCL-3 to produce the 24nt long casiRNAs that act in cis (i.e., converge back on the trigger locus). Loaded casiRNAs translocate in the nucleus where they direct de novo DNA methylation and histone modification.
An additional endoRNAi mechanism is specified by a microRNA (miR173) and ultimately acts on the family of TAS homologous loci through the effector function of tasiRNAs. Upon cleavage of a target mRNA by miR173-programmed RISC, the RDR6 RdRP is recruited to the cleavage site and produces a dsRNA substrate for DCL-4. The 21 nt siRNA products (tasiRNAs) are loaded in AGO1/AGO7 and mediate the degradation of TAS transcripts. Thus, in this mechanism, a miRNA acts as primary siRNA for the generation of the secondary tasiRNAs.
Among the diverse endoRNAi pathways active in the ciliate protozoa Tetrahymena, many involve the generation of dsRNA triggers by the Rdr1 RdRP. The determinant(s) specifying the identity of the targets is (are) unknown, but in Tetrahymena, looping of the 3′ end on the target is necessary for priming of the RdRP activity. The RdRP activity further requires a number of cofactors within distinct RDR complexes (RDRCs), of which uridylyltransferases play a key role. Most of the 12 PIWI-clade TWI Argonautes mediate related mechanisms during vegetative growth and through Tetrahymena life cycle. However, a distinct, RdRP-independent mechanism dictates changes in the histone marks leading to DNA elimination in the conjugating macronuclei (MAC), a process required for sexual reproduction. This surprising function in DNA elimination in Tetrahymena clearly illustrates the great diversity of endoRNAi mechanisms.
The functions for endoRNAi in S. pombe were among the first to be discovered and provided a vital conceptual framework to understand the role of small RNAs in controlling chromatin organization. EndoRNAi exerts self-enforcing regulatory loops on an important variety of loci such as centromeres and the mating type genomic region. The RNA-induced transcriptional silencing complex (RITS), which contains an Argonaute, localizes to heterochromatin domains through the interaction of chromodomain protein Chp1 with the methylated H3K9 mark. When aberrant transcription emerges from these loci, nascent transcripts are used as template by an RdRP complex (RDRC) to generate dsRNA, which in turn is processed into small RNAs by Dicer. Loaded RITS, programmed with these small RNAs, converges back on the locus and recruits a complex involving the methyltransferase Clr4 (CLRC) to consolidate its heterochromatin histone marks.
In species that do not encode RNAi-dedicated RdRPs such as Drosophila, mice, and human, endoRNAi is triggered by transcribed genomic sequences that fold or base-pair with other transcripts to generate dsRNA. siRNAs are derived from convergent or bidirectional transcripts, mRNAs pairing to antisense pseudogenes transcripts, transposon transcripts, and expressed repeated sequences. For example, in Drosophila, cis-natural transcripts (cis-NATs) generate dsRNA from neighboring loci transcribed on complementary strands that are processed by DCR2 and loaded mostly into AGO2 to effect silencing. An analogous mechanism has also been described in mammalian cells.
A major function for endoRNAi is the silencing of transposable elements. Whereas endogenous siRNAs often perform such a function in the soma, the ~30-nt-long PIWI-associated RNAs (piRNAs) are crucial for this genome watchdog task in the germline. The earliest events of piRNA biogenesis are not fully understood, but primary piRNAs are derived from trigger loci-such as transposons, repeated genomic elements, a subset of ORFs, or their 3′UTR-in a Dicer-independent manner. piRNAs are then maintained through the ping-pong amplification cycle, wherein reciprocal slicer cleavage by members of the PIWI clade of Argonautes defines the 5′ end of the piRNA while the 3′ end is matured by an exonuclease. The 3′ end of piRNAs is furthermore 2′-O-methylated by the methyltransferase HEN1, a feature shared by many classes of endogenous siRNAs. Part of the silencing activity can be attributed to the consumption of the target transcript in the ping-pong cycles, but an additional contribution likely involves mRNA deadenylation and decay. Related piRNA-like mechanisms are observed across phylogeny but vary in their triggering events and amplification mechanisms. In C. elegans, the piRNA-like 21U-RNAs are matured independently of DCR-1 from a transcribed precursor and are loaded into the PIWI-clade Argonautes PRG-1/2. Ping-pong cycles do not occur in C. elegans. Amplification and epigenetic maintenance of the silencing response by 21U-RNAs are instead mediated by the triggering of 22G/WAGO secondary siRNA production.
